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Abstract: Methanol oxidation in acid solution was studied at platinum single crys-
tals, Pt(hkl), as the model catalyst, and at nanostructural platinum supported on high
surface area carbon, Pt/C, as the real catalyst. The linear extrapolation method was
used to determine the beginning of hydroxyl anion adsorption. Structural sensitivity
of the adsorption was proved and a correlation with the onset of the methanol oxida-
tion current was established at all catalysts. Bisulfate and chloride anions were
found to decrease the methanol oxidation rate, but probably did not influence the re-
action parth. The specific activity for the reaction increased in the sequence Pt(110)
<Pt/C < Pt(111), suggesting that the activity of the supported Pt catalyst can be cor-
related with the activities of the dominating crystal planes on its surface.
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INTRODUCTION
Methanol oxidation on platinum electrodes in an acid electrolyte is a catalytic
reaction producing CO2 and six electrons per one CH3OH molecule:
CH3OH + H2O  CO2 + 6H
+ + 6e– (1)
Although the standard equilibrium potential of methanol oxidation is 0.02 V, a
reasonable reaction rate can be achieved at potentials shifted several hundreds of
milivolts in the positive direction due to the difficulty in the oxidation of adsorbed
intermediates.1
Methanol oxidation on platinum is an important reaction since it has potential
for fuel cell application (direct methanol fuel cell, DMFC).2 It has been exten-
sively studied using electrochemical methods as well as spectroscopic techni-
ques.3–10 Studies on single crystal Pt samples have shown that methanol oxidation
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is a strongly structure sensitive reaction.11,12 Dehydrogenation of methanol in suc-
cessive steps13 suggests the presence of several adsorbates. Spectroscopic tech-
niques applied in situ on single crystal platinum have proved only CO ad
14,15 and
COHad or CHOad species.
16 Adsorbed CO was proposed to have a dual role, i.e., it
acts as a poison, especially at lower potentials, and also as a reactive intermedi-
ate.1,5 Adsorbed OH generated from a H2O molecule
17–19 or even some activated
H2O molecule adsorbed on the Pt surface
20 were assumed as the participants in the
reaction necessary to oxidize COad.
The fact that methanol is a good candidate for DMFC explanded the study of
its oxidation on so-called real catalysts, such as Pt nanostructured catalysts formed
by deposition of Pt particles on high area carbon.21–24 In this work, a comparison
between the results obtained in methanol oxidation on Pt(hkl) and on Pt nanostruc-
tured catalyst (Pt/C), in acid solution is presented.
EXPERIMENTAL
Electrode preparation
The platinum low-index single crystal electrodes were purchased from Metal Crystal and Ox-
ides Ltd., (Cambridge, UK) and oriented to better than 1°. Standard mechanical polishing of the sur-
face was followed by annealing in a hydrogen flame with cooling in a hydrogen stream. The almost
cool crystal was protected by a water drop and transferred into an electrochemical cell.25 Voltam-
metric curves in the hydrogen adsorption/desorption region were used to estimate the two-dimen-
sional order of the surface.
The carbon supported Pt electrode, assigned as Pt–C/GC, was formed by deposition of a com-
mercially available Pt/C catalyst with a loading of 47.5 wt % Pt (Tanaka Precious Metal Group) on a
glassy carbon disk. The thin catalyst layer was prepared by attaching ultrasonically re-dispersed cat-
alyst suspension in high-purity water onto the glassy carbon, resulting in a constant metal loading of
20 gPt cm
–2.26 After drying in flowing high purity argon at room temperature, the deposited cata-
lyst layer was covered with 20 l of a diluted aqueous Nafion solution (thickness of ca. 0.2 m) and,
finally, the electrode was immersed in nitrogen purged electrolyte.
Electrode characterization
As previously described,27 low energy electron diffraction (LEED) measurements showed
clean, well-ordered unreconstructed Pt(hkl) surfaces. The results of the characterization of the Pt/C
catalyst can be briefly summarized as follows.27,28 TEM Analysis showed a reasonably uniform distri-
bution of Pt particles on the carbon support. Typical highly faceted cubooctahedral Pt nanoparticles
were detected by HRTEM.27 The histogram of the particle size distribution demonstrated that the par-
ticle size ranged between 2–6 nm, with an average diameter of 4±0.3 nm.28 AFM and STM images
showed that the particles of the Pt/C catalyst deposited on glassy carbon were in the form of 3D ag-
glomerates of several tens of nm with Pt particles with a diameter mostly between 2 and 7 nm on the
top of them.27 Calculation based on XRD measurements revealed an average size of 3.1 nm.29
At the beginning of each experiment, the real surface area of the supported Pt electrode was es-
timated using a conventional procedure based on the coulometry of Hupd (taking 210 C cm
-2 for a
monolayer). The specific surface area was calculated as Ssp = S/mPt, where S is the real surface area
and mPt is the mass of Pt in the catalyst layer. The average diameter of the Pt particles was calculated
assuming a spherical shape of the particles30 by using the equation: d = 6 / Ssp, where  is the den-
sity of platinum ( = 21.4 g cm-3). The parameters of the Pt/C deposits on GC electrodes are given in
Table I.
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TABLE I. Parameters of the Pt/C catalyst deposited on a glassy carbon electrode (GC)
GC Geometric area, AG/cm
2 0.283
Pt Loading/g cm-2 20.0
Pt Total mass, mPt/g 5.66
Pt Real surface area, S/cm2 3.62
Pt Specific area, Ssp/m
2 g-1 64.2
Average Pt particle diameter, d/nm 4.3
The average Pt particle diameter determined by microscopic and spectroscopic techniques is
in agreement with the value of 4.3 nm calculated on the basis of HUPD coulometry given in Table I.
Electrochemical measurements
All electrochemical measurements were conducted in a thermostated three-compartment elec-
trochemical cell with a Pt spiral as the counter electrode and a saturated calomel electrode as the ref-
erence electrode. All the potentials reported in this paper are expressed on the scale of the reversible
hydrogen electrode (RHE). The electrolyt contained 0.1 M HClO4 or 0.1 M H2SO4 as supporting
electrolyte and 0.5 M CH3OH. The H2SO4 and CH3OH were p.a. grade and the HClO4 was ultra
pure. In some experiment p.a. grade HClO4 was also used. The chemicals were purchased from
"Merck". All solutions were prepared with high-purity water (Millipore, 18 M cm resistance).
The prepared electrodes were immersed in nitrogen-purged perchloric or sulfuric acid solution
to record the basic voltammograms. Methanol was added to the solution while holding the potential
at E = 0.1 V (RHE). The catalytic activity was measured by recording the potentiodynamic polariza-
tion curves with sweep rates of 50 mV s-1 and 1 mV s-1.
RESULTS AND DISCUSSION
Model catalysts
Basic voltammograms of Pt(hkl). The basic voltammograms of Pt(hkl) in
HClO4 solution are given in Fig. 1. Depending on the anodic potential limit, the ba-
sic voltammograms show reversible (full line) and ireversible (doted line) pro-
cesses. The different shapes of the voltammograms clearly suggest the structural
sensitivity of both processes. The reversible processes are the adsorption/de-
sorption of hydrogen and hydroxyl anions, hereafter denoted as OHad species. On
the (111) plane, hydrogen adsorption/desorption is determined by a broad wave oc-
curring in the potential region 0.05V < E < 0.4 V. This process of the (100) surface
occurring at the same potentials as on (111) is defined with a peak at Ep = 0.35 V.
The hydrogen region is somewhat shorter on the (110) plane, involving the poten-
tials 0.05 V < E < 0.3 V in which a sharp peak at Ep = 0.15 V appeared. The hydro-
gen region is followed by OH adsorption/desorption. On the (111) plane, these pro-
cesses are separated by a so-called double layer region at 0.4 V < E < 0.6 V. These
two reversible processes are not clearly separated on the other two planes. Adsorp-
tion/desorption of OH species takes place at 0.3 V < E < 0.9 V on the (110) and at
0.4 V < E < 0.9 V on the (111) and (100) planes. It is described by waves on (100),
enhancement of currents at (110) and by a "butterfly" peak on (111).
The irreversible process, related to oxide formation, commences at potentials
higher than 0.9 V.
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OHad species participate in methanol oxidation, as is widely agreed, and therefore
it is important to determine accurately the initial potentials of its adsorption. In that
sense, linear extrapolation of the charging curves showing the dependence of the
charge for the adsorption of oxygen containing species on potential (Q vs. E) was pro-
posed.31 The curves Q vs. E obtained from the basic voltammograms for Pt(hkl) by
subtracting the charge for hydrogen desorption from the charge calculation for the an-
odic part of the voltammogram are presented in Fig. 2. The initial potentials for OH ad-
sorption were estimated by linear extrapolation of the part of Q vs. E curve correspond-
ing to OH adsorption to QOHad = 0. On (110) and (100), OH
– anions begin to adsorb at
0.25 V and 0.30 V, respectively, indicating that OH adsorption is coupled to hydrogen
desorption. As can be seen from the shape of the Q vs. E curve for the (111) plane, the
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Fig. 1. Cyclic voltammograms for Pt low-index single crystal electrodes up to 0.9 V (full line)
and up to 1.4 V (dotted line) in 0.1 M HClO4,  = 50 mV s
-1, T = 295 K.
Fig. 2. Dependence of the charge for the adsorption of oxygen containing species on potential for
Pt low-index single crystal electrodes in 0.1 M HClO4. Data calculated using the voltammograms
in Fig. 1.
linear extrapolation method is not applicable in this case. However, it was proposed
that OH adsorbs on (111) in the hydrogen region (E < 0.4 V) selectively at defect sites.
According to the literature,31 the change in the slope of the charging curves gives the
potential of the reversible/irreversible transition, i.e., the initial potential of oxide for-
mation. At Pt(hkl), this potential increases in the sequence (110) < (100) < (111).
Methanol oxidation on Pt(hkl). The voltammograms of methanol oxidation in
perchloric acid solution on Pt(hkl), recorded in the anodic direction, are given in
Fig. 3. The initial potential of the reaction, the potential region in which the reac-
tion takes place and the current are dependent on the single crystal orientation and
prove structural sensitivity of the reaction. Methanol oxidation commences firstly
on (111), then on (110) and finally on the (100) plane, following the sequences of
OH adsorption (Fig. 2). These data support the assumption that the beginning of
methanol oxidation is influenced by the beginning of OH adsorption.
Real catalyst
Basic voltammograms of the Pt/C catalyst . The basic voltammograms of the Pt/C
catalyst in perchloric and sulfuric acid solutions are shown in Fig. 4. Hydrogen adsorp-
tion/desorption, taking place in the potential region between 0.05 V and 0.4 V, is fol-
lowed by adsorption of oxygen containing species, i.e., first OHad species at E < 0.7 V
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Fig. 3. Voltammograms (first anodic swe-
eps) for the oxidation of 0.5 M CH3OH on
Pt low-index single crystal electrodes in
0.1 M HClO4,  = 50 mV s
-1; T = 295 K.
and then oxide at higher potentials. The features in the hydrogen region could be ratio-
nalized on the basic of hydrogen electrochemistry at Pt(hkl) in the same solution (Fig.
1). The H desorption peak at E = 0.15 V can be correlated with (110) sites. The more pos-
itive H desorption peak at E = 0.35 V suggests the presence of (100) related facets. The
broad and featureless H desorption occurring over the potential range between 0.05 V
and 0.4 V below the (110) and (100) peaks indicates the presence of (111) oriented sites.
This comparison is consistent with the model of nanoparticles proposed by Kinoshita.32
The charging curve for the adsorption of oxygen containing species on the
Pt/C catalyst in HClO4 is given in Fig. 5. The intercept at 0.30 V for QOHad = 0, as
well as the change of slope indicates that both OH adsorption and oxide formation
are initiated at the same potentials as on the (110) surface in the same solution.
Anions originating from the supporting electrolytes affect the peaks in the hydrogen
region, which is in accordance with previously reported data5 suggesting the presence of
absorbed bisulfate anions. However, adsorbed perchlorate anions have not been un-
equivocally detected. The charge associated with the adsorption/desorption of hydrogen
is approximately the same in both acid solutions. Adsorbed bisulfate anions influence
the adsorption of OH particles and shift the beginning of oxide formation by  150 mV
towards more positive potentials in the H2SO4 compared to the HClO4 electrolyte.
Methanol oxidation on Pt/C. The cyclic voltammogram of methanol oxidation
of the Pt/C catalyst in perchloric acid is presented in Fig. 6. Comparison of the data
in Figs. 4 and 6 verifies the well-established behavior of methanol oxidation, i.e.,
the beginning of the reaction (E  0.4 V) is close to the onset of OH adsorption (E 
0.30 V) and the maximum in the methanol oxidation rate (E  0.9 V) corresponds
to the transition from reversible to irreversible OH adsorption.
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Fig. 4. Cyclic voltammograms for the Pt/C catalyst in 0.1 M HClO4 (full line) and in 0.1 M
H2SO4 (dotted line).  = 50 mV s
-1; T = 295 K.
The effect of anions was examined by contrasting the polarization curves in
sulfuric and perchloric acid solutions. Quasi steady-state curves of methanol oxi-
dation recorded at 1 mV s–1 are given in Fig. 7. For a comparison, the polarization
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Fig. 5. Dependence of the cha-
rge for the adsorption of oxy-
gen containing species on po-
tential for the Pt/C catalyst in
0.1 M HClO4. Data calculated
using the voltammogram in
Fig. 4.
Fig. 6. Cyclic voltammograms for
the oxidation of 0.5 M CH3OH on
the Pt/C catalyst in 0.1 M HClO4.  =
50 mV s-1; T = 295 K.
curve in HClO4 (p.a. grade) is also plotted. It can be observed that the methanol ox-
idation rate is doubled in HClO4 with respect to H2SO4. The Tafel slopes are the
same, about 120 mV dec–1, indicating that the adsorbed bisulfate anions do not
change the reaction path. In order to estimate whether the anions influence the re-
action mechanism, more experiments would have to be performed. It is interesting
to note that traces of chloride anions in the p.a. grade HClO4 suppress the rate of
methanol oxidation to the same extent as 0.1 M bisulfate anions. Such a pro-
nounced effect was not expected because the cyclic voltammograms of Pt/C in
both HClO4 solutions almost overlapped. This results stresses the necessity of us-
ing high purity HClO4 when the effect on anions is to be examined.
The influence of anions on the methanol oxidation current was confirmed in hro-
noamperometric measurements. The decay curves presented in the inset in Fig. 7 show
that the rate of deactivation of the catalyst at 0.6 V is similar in sulfuric and perchloric
acid solution, but the current densities are higher in the perchloric acid solution.
Comparison of methanol oxidation at Pt(hkl) and Pt/C catalysts
Figure 8 displeys the quasi steady-state polarization curves for methanol oxi-
dation in HClO4 solution at the model and real catalyst. The activity of the Pt/C
catalyst is between the activity of Pt(111) and Pt(110) surfaces. The data for
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Fig. 7. Tafel plots for the oxidation of 0.5 M CH3OH on the Pt/C catalyst in different acid solu-
tions.  = 1 mV s-1; T = 295 K. Inset: Current–time transients of methanol oxidation at E = 0.6 V.
Pt(100) are omitted because of the different mechanism of the reaction, as sug-
gested by the Tafel slope of 60 mV dec–1.
The relationship between the activities of Pt/C, Pt(111) and Pt(110) electrodes
agrees with the model of the distribution of crystal planes on the Pt nanoparticles,
proposed by Kinoshita.32 Namely, for Pt particles of  4 nm (as was found for our
catalyst by XRD, TEM, STM and cyclic voltammetry), surface (111) and rough
(110) regions dominate, in the ratio of 65 % and 22 %, respectively. Plane (100)
amounts to 13 % of the total surface of the particles and its ratio increases with in-
creasing particle size.
TABLE II. Correlation between the initial potentials of OH adsorption and methanol oxidation on Pt
single crystals and the supported nanocatalyst
PT (111) Pt(110) Pt / C
Einitial OHad < 0.40 V  0.25 V  0.30 V
Einitial CH3OHox  0.40V  0.45 V  0.40 V
The similarity of the kinetics of methanol oxidation on Pt/C and single crystal
planes Pt(111) and Pt(110) suggests that the reaction mechanism is probably the
same. According to Iwasita,1 on Pt(111) and Pt(110) in the potential region from
0.4 V to 0.7 V, the rate determining step is oxidation of the adsorbed residues of
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Fig. 8. Tafel plots for the oxidation of 0.5 M CH3OH on Pt(111), Pt(110) and the Pt/C catalyst in
0.1 M HClO4 solution.  = 2 mV s
-1; T = 295 K.
methanol. Gasteiger et al.33 assumed that oxidative removal of COad in a Lang-
muir–Hinshelwood type of reaction:
COad + OHad  CO2 + H
+ + e– (2)
is the rate determining process. The connection between the onset of methanol oxi-
dation and the adsorption of OH species, presented in Table II, follows this conclu-
sion. At higher potentials, the slope of the Tafel plot increases. This change is pro-
voked by the formation of irreversibly adsorbed oxide, rendering the Pt surface
less active for methanol adsorption.
CONCLUSIONS
On the basic of the investigation of the methanol oxidation on Pt single crystals
and high surface area carbon supported Pt particles, the following can be concluded:
* A correlation between the beginning of adsorption of OHad species and
methanol oxidation has been established based on the linear extrapolation method
and on cyclic voltammograms in a supporting electrolyte for Pt(hkl) (model cata-
lyst) and Pt/C catalyst (real catalyst).
* The electrocatalytic activity of the catalysts for methanol oxidation in-
creases in the sequence Pt(110) < Pt/C < Pt(111), suggesting that the activity of the
supported Pt catalyst can be correlated with the activities of the sites dominating in
the Pt particles. This sequence is in accordance with the Kinoshita model of the
surface distribution of the crystal faces of a Pt nanoparticle.
* It was shown that anions (bisulfates or chlorides) originating from the support-
ing electrolyte suppress rate of the methanol oxidation but do not influence the reac-
tion path.
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I Z V O D
OKSIDACIJA METANOLA NA PLATINSKIM ELEKTRODAMA U KISELOJ
SREDINI: PORE\EWE MODEL I REALNIH KATALIZATORA
A. V. TRIPKOVI]
a
, S. Q. GOJKOVI]
b
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a
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b
Tehnolo{ko-metalur{ki fakultet, Univerzitet u Beogradu, Karnegijeva 4, P. P. 3503, 11000 Beograd
Oksidacija metanola ispitivana je na niskoindeksnim Pt monokristalnim elek-
trodama (model katalizator) i na nanokatalizatoru Pt dispergovanom na aktivnom
ugqu kao nosa~u (realni katalizator) u kiseloj sredini. Metoda linearne ekstrapo-
lacije krivih zavisnosti koli~ine naelektrisawa adsorpcije kiseoni~nih ~estica
od potencijala kori{}ena je za odre|ivawe po~etka adsorpcije OH anjona. Potvr|eno
je da je adsorpcija OH ~estica strukturno osetqiva reakcija i pokazana je korelacija
sa po~etkom reakcije oksidacije metanola. Utvr|eno je da bisulfatni i hloridni
anjoni iz nose}eg elektrolita smawuju brzinu oksidacije metanola, ali verovatno ne
uti~u na reakcioni put. Elektrokataliti~ka aktivnost ispitivanih katalizatora
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rasla je u nizu Pt(110) < Pt/C < Pt(111) ukazuju}i na to da se aktivnost Pt nanokatali-
zatora mo`e povezati sa udelima niskoindeksnih ravni na povr{ini Pt nano~estice.
(Primqeno 8. decembra 2005, revidirano 15. marta 2006)
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